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Introduction

SO2 in the engine-out exhaust gas originates from sulfur in gasoline and readily reacts with various components in the TWC and reduces their catalytic efficiency. One of the main problems is the reaction with CeO2 in the washcoat. CeO2 stores and releases oxygen, thus expanding the stoichiometric range of the exhaust gas composition for optimal conversion of hydrocarbon compounds, CO, and NOx.  The expected sulfation reactions of CeO2 are: 

6CeO2 + 3SO2 = Ce2(SO4)3 + 2Ce2O3  


(>500oC)

CeO2 + O2 + 2SO2 = Ce(SO4)2  



(<500oC)

Therefore, the main task of this research is to find SO2 adsorbents that protect CeO2 and sulfate reversibly during the TWC operation.
In our previous reports to the Coordinating Research Council, we discussed the primary reactions that occur in a sulfation-reduction-reoxidation cycle involving a mixture of CeO2 with CuO, Mn2O3, or CuMn2O3. In summary, based on their bulk sulfation characteristics, CuO, Mn2O3, and CuMn2O3 all demonstrated some potential for use as a sulfur adsorbent in a sulfur tolerant TWC. The sulfation performances of the three sulfur adsorbent systems compare as follows: Mn2O3>CuMn2O4>CuO.

It is noteworthy that the Mn2O3 -CeO2 sample showed essentially undisturbed CeO2 peaks with the formation of MnSO4 even under very heavily sulfating conditions. No cerium sulfates or sulfites were found in the Mn2O3 -CeO2 sample as judged by the powder XRD pattern.

All three sulfated materials exhibited predictable reduction and reoxidation behavior with good recoverability of the ceria and adsorbent oxide after a complete reaction cycle. In the reduction, somewhat over-reduced products were observed, which indicates that the reduction conditions used in the experiments were too severe. For example, in the CuO-CeO2 system the metal rich sulfides Cu8S5 and Cu39S28 formed with only a small amount of CuS. The expected products MnS and MnO formed after reduction in both the Mn2O3 and CuMn2O4 systems. In the CuMn2O4 system, even a small amount of metallic copper was observed in addition to a reduced form of copper sulfide, Cu8S5. After reoxidation of the Mn2O3 ‑CeO2 system, MnSO4 was observed in addition to Mn2O3/Mn3O4. In the CuMn2O4 -CeO2 system, most of the CeO2 and CuMn2O4 were recovered with a small amount of MnSO4 and Cu2S detected.

The reactions of MnSO4 and its intermediates in the reduction and reoxidation steps are quite extraordinary. Once formed in the sulfation cycle, they are reduced to MnS and then reoxygenated to Mn2O3/Mn3O4/CuMn2O4 or MnSO4 during reduction and reoxidation, respectively. The sulfation-reduction-reoxidation characteristics of Mn2O3-CeO2 are summarized with the concept of Protected Oxide Chemistry (POC) in Fig.1.

The CeO2 peak broadness observed in the XRD patterns of freshly prepared samples is noticeably reduced, indicating a substantial increase in the size of the CeO2 particles through sulfation-reduction-reoxidation cycle. Therefore, microstructure and particle size growth will be important issues. 

In the third year of CRC funding, two issues were addressed. First the microstructural morphology and chemical composition of the CuO-CeO2, CuMn2O4 -CeO2, and Mn2O3 -CeO2 samples were examined using Scanning/Transmission Electron Microscopy (SEM/TEM) and Energy Dispersive X-ray Spectroscopy (EDS). Second, a new reaction system was designed and implemented to emulate more realistic conditions of engine operation where each adsorbent was sulfated with 1% SO2 mixture in O2 for 5 minutes at 600oC, then reduced with 3%H2 gas in N2 for 5 minutes at 600oC, and reoxidized with O2 for 5 minutes at 600oC. This new scheme better reflects the reaction conditions in a TWC compared to the previous one. Although the previous scheme was well designed to properly illustrate the basic inorganic reactions and the concept of Protected Oxide Chemistry (POC), it was not sufficient for evaluating the performance of each candidate adsorbent when exposed to conditions in the TWC system.

The distribution and morphology of individual adsorbent and ceria particles in the CuO-CeO2, Mn2O3-CeO2, and CuMn2O4-CeO2 samples were investigated using SEM/TEM. The question of how CeO2 in a mixture such as CuMn2O4 -CeO2 or Mn2O3 -CeO2 survived in the very exhaustive sulfating environment was addressed. (An indiscriminate sulfation of both adsorbent and ceria was expected, however that intuitive expectation was not the case.)

Surface sensitive characterization techniques are being used to identify the structure of adsorbed SO2 and reaction pathways. Near IR Raman spectroscopy (the excitation wavelength of laser: 1064nm) was employed as a preliminary vibrational spectroscopic tool at each stage of sulfation, reduction, and reoxidation. Near IR Raman is preferred because there are less fluorescence and absorption as are often observed in Visible Raman and IR studies, respectively. However, Near IR Raman is still not an ideal choice owing to the vulnerability of samples to thermal degradation. 

The newest and final 4th year results include the comprehensive design and testing of supporting UV Raman analyses on the mixed oxide systems, CuMn2O4 -CeO2 or Mn2O3 -CeO2, as well as the simple oxide compounds, CuMn2O4, Mn2O3, and CeO2 (see below for results).
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Figure 1. The protected oxide chemistry (POC) of Mn2O3-CeO2 for the TWC operation and its sulfation-reduction-reoxidation characteristics presented by XRD pattern at each reaction stage.

Experiments

Sulfation: The sulfation was conducted at 600oC for 5 mins with 1%SO2/bal.O2 flowing. The flow rate of gas was 250 ml/min.

Reduction: The sulfated samples were subsequently reduced with flowing 3% H2/bal. N2 at 600oC for 5 mins. The flow rate was 100 ml/min.

Reoxidation: The reduced samples were then subjected to the flowing O2 at 600oC for 5 mins for reoxidation. The flow rate was 100 ml/min.

These new kinetic reaction conditions which better reflect the operation of a TWC are schematically summarized in Fig. 2.
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Figure 2. The kinetic cycling conditions employed in the study; sulfation-reduction-reoxidation

X-Ray Diffraction: X-ray diffraction data were collected on a Rigaku diffractometer using Cu K radiation. Diffraction angle (2θ) was scanned between 10o and 70o at 0.05o increments, with 2 second collection time at each step.
Microscopic Analysis: Morphological and elemental analyses were performed using a Scanning Electron Microscope (Hitachi S4500) equipped with an Energy Dispersive X-ray Analyzer (PGT) and Transmission Electron Microscopy (Hitachi H-700H). 

FT Raman Spectroscopy: The Raman spectra of CuO-CeO2, Mn2O3 -CeO2, and CuMn2O4 -CeO2 samples were collected with BIO-RAD FT Raman spectrometer. The wavelength of the excitation laser used in this system was 1064nm. The range of wavenumber investigated was –500 to 4000 cm-1. The negative wavenumber here refers to the anti-Stokes region.
Results and Discussion

Reactor Design: The reaction carried out in a horizontal configuration in a conventional tube furnace with the gas flowing over the top of sample powder is illustrated in Fig. 3 (a). However, this method does not ensure a homogeneous reaction throughout the sample. Only the top layer of sample powder will be reacted. Therefore, a new reactor was custom-designed and -built to achieve a more complete and homogeneous reaction, and to more effectively assess each candidate material through the sulfation-reduction-reoxidation cycle. The new system is illustrated in Fig. 3 (b). The reaction cell consists of double quartz tubes. The inner quartz tube has a porous fritted quartz disc (pore size: ~40m) welded inside and is surrounded by the outer cylindrical quartz tube cover. Sample powder is placed on top of the fritted quartz disc. Gases are introduced and flowed in the reactor with the direction shown in the diagram. A cylindrical furnace surrounds the reactor. The temperature of the sample is measured by a thermocouple inserted from the bottom of the reactor and controlled by a temperature controller. The reactor is securely attached to a baseplate that also holds an electromagnetic vibrator to facilitate continuous tumbling of the sample particles which will enhance the exposure of the particles to the flowing gas. 
Electron Microscopy: The microstructures of CuO-CeO2, Mn2O3 -CeO2, and CuMn2O4 -CeO2 samples were examined using SEM and are shown in Fig. 4. In all three samples, there are two kinds of particles observed. One is a superparticle as large as up to several micrometers, which is actually an agglomerate of many smaller particles. The other is a true elementary particle of submicron scale. In general, the particle morphology was spherical. The size of true elementary particles is small, about 100 nm or less. The TEM image in Fig. 5 shows the further details of Mn2O3-CeO2 elementary morphology in which the size is observed down to 10 nm. However, no morphological distinction could be made yet between the adsorbent and ceria particles in any of the three samples. EDS analyses were attempted in order to discern the adsorbent and ceria particles but were not successful. The spectra of both the adsorbent and ceria were always observed even when the smallest nanometer size electron beam was used to illuminate the smallest local area possible. The characteristic X-rays of all the constituent elements are observed because the interaction volume beneath the illuminated spot reaches several micrometers in diameter and 

exceeds the elementary particle size. 

[image: image8.wmf][image: image9.wmf](a)

(b)

Figure 3. . (a) The schematic diagram of conventional horizontal type of tube reactor and gas flow during reaction, (b) The detailed schematic of the new custom-built reactor. 
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(a)
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(b)
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(c)

Figure 4. SEM images of (a) CuO-CeO2, (b) Mn2O3-CeO2, (c) CuMn2O4‑CeO2 powders.
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Figure 5. TEM image of Mn2O3-CeO2
None of the superparticles examined showed the characteristic spectra of only the adsorbent or ceria.  Thus, the agglomerates seem to be an intimate mixture of the fine adsorbent and ceria particles. Such a mixture might be responsible for our observation that only the adsorbent is sulfated and ceria remains unreacted even under exhaustive sulfation conditions. Therefore, if there were no precipitated agglomerate of intimately mixed nano-size particles and only the large micrometer scale particles of the oxides were mixed, the adsorbent would not protect the ceria from sulfation as well. Owing to its inherent small interaction volume with material as shown in Fig. 6, the additional analysis of the microstructure using analytical TEM equipped with EDS and EELS is expected to enable more decisive morphological and chemical identification of elementary particles with their distribution characteristics.
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Figure 6. Comparison of the relative size of the beam-specimen interaction volumes in SEM and analytical TEM (AEM) [1].

X-ray Diffraction: [image: image15.wmf]4000
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The XRD patterns of the sulfated products of CuO-CeO2, Mn2O3 -CeO2, and CuMn2O4 -CeO2 samples are displayed with the complete phase identification in Fig. 7. These spectra do not show that any noticeable changes occur in the bulk as a result of sulfation.
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Figure 7. Powder XRD patterns of the lightly sulfated (a) CuO-CeO2,        (b) Mn2O3 -CeO2, and (c) CuMn2O4 -CeO2 powders. XRD is not sensitive enough to probe the adsorption on the surface by a light sulfation condition such as 1%SO2/bal. O2 at 600oC for 5 mins.

Raman Spectroscopy (Near-IR): Near-IR Raman spectroscopy was used to probe the reactions that took place on the surface. The FT Raman spectra of the CuO-CeO2, Mn2O3 -CeO2, and CuMn2O4 -CeO2 samples were collected with the Near IR excitation laser of 1064nm wavelength and are summarized in Fig. 8. Before sulfation, they all show one common broad peak around 3200 cm-1 owing to sample heating. Sample heating was expected because of the dark colors of all three samples. Few vibrational features are found. It was difficult to collect vibrational spectra because of the limited laser power used in order to avoid excessive sample heating. It was noticed, however, that after sulfation the heating peak around 3200 cm-1 was universally suppressed, most significantly in the CuO-CeO2 sample. Interestingly, the suppression of the 3200 cm-1 peak can be attributed to the sulfation of each adsorbent, not ceria. Based on a separate Raman measurement, beige-white ceria powder does not exhibit a heating peak. Sulfated ceria is also white and no heating feature in the Raman spectra was observed. In contrast, the three adsorbents, CuO, Mn2O3, and CuMn2O4, are dark in color and develop this heating feature around 3200 cm-1. These thermal and optical characteristics summarized for ceria and the adsorbent metal oxides are consistent with the conclusion that the suppression of the 3200 cm-1 peak is due to the sulfation of the adsorbent. However, it is not clear whether the ceria particles within the micron-sized agglomerates remain unreacted and further analytical work is needed. 

The new reactor was adapted and integrated with UV Raman system for in-situ experiments in collaboration with Professor Peter C. Stair’s research group. The system is schematically illustrated in Fig. 9 [2]. A precision x-y-z positioning device and a surrounding elliptical mirror were used to focus scattered beams. The top part of the outer quartz tube in the reactor was made of UV grade fused silica (ESCO Products Inc.). It is transparent to the UV radiation used in measurements. The laser source is a Lexel 95 SHG (Second Harmonic Generation) equipped with an intracavity nonlinear crystal, BBO ((-barium borate. BaB2O4), that frequency doubles visible radiation into the mid-ultraviolet [3]. The details of the Raman instrument are described in reference [2]. The in-situ experiments will enable an in-depth understanding of reaction pathways involved in the sulfation-reduction-reoxidation cycle. The in-situ reactor with a built-in electromagnetic vibrator has been shown to be effective in reducing thermal and photo decomposition during UV Raman measurements [2]. The thermal
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Figure 8. FT Raman spectra were collected on (a) CuO-CeO2, (b) Mn2O3 ‑CeO2, (c) CuMn2O4 -CeO2 before and after sulfation. The sulfation condition was 1%SO2/bal. O2 at 600oC for 5 mins.
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Figure 9. In-situ UV Raman spectrometer; (a) the overall spectrometer configuration, (b) in-situ reaction cell of fluidized bed type. (c) the detailed illustration of the cell. A sample can be heated with gas flowing through it. 

 performance of the system has been further improved by adding a liquid N2 reservoir underneath the fritted quartz disc. Moreover, UV radiation is inherently better with respect to thermal degradation and fluorescence than Visible and Near IR radiation. The electromagnetic vibrator will ensure particle tumbling and prevent overexposure of any local area.
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Raman Spectroscopy (UV):     UV-Raman spectroscopy was used to probe the sulfation-reduction-oxidation reactions of the three-way catalysts. The Raman spectra of Mn2O3 -CeO2 and CuMn2O4 -CeO2 mixtures were collected at 244nm wavelength excitation and are shown in Figure 10. All of the spectra exhibit two peaks, at 1185cm-1 and 1559cm-1, owing to the detector and gas phase O2, respectively. Prior to sulfation, both the Mn2O3 -CeO2 and

Figure 10.  UV-Raman spectra collected on (a) CeO2-Mn2O3 and (b) CeO2‑CuMn2O4 .  From top to bottom, for an oxidized, reduced, sulfated and fresh sample.  Sulfation conditions were 1% SO2/balance air at 600oC for 5 minutes.  The reduction conditions were 3% H2/balance N2 at 600oC for 5 minutes.  The reoxidation conditions were O2 at 600oC for 5 minutes.
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CuMn2O4 -CeO2 systems show two broad humps centered at 1025cm-1 and 1419cm-1. In the Mn2O3 -CeO2 system, a distinguishing peak develops at 1002cm-1 upon sulfation. After reduction, the peak at 1002cm-1 remains, a peak at 1106cm-1 and a broad feature at 1451cm-1 appear. The peak at 1002cm-1 disappears and a broad peak at 806cm-1 appears after oxidation of the sample. The most significant peak is located at 1002 cm-1, this peak appears upon sulfation and dissappears upon reoxidation. In the CuMn2O4 ‑CeO2 system, no additional peaks are seen upon sulfation. However, after reduction, three peaks emerge at 1002cm-1, 1024cm-1, and 1102cm-1. The relative intensity of the peaks at 1002cm-1 and 1024cm-1 decrease while peaks at 590cm-1 and 1514cm-1 and a broad hump at 634cm-1 emerge upon oxidation. The two remaining peaks at 1002 cm-1 and 1024cm-1 indicate that the CuMn2O4 -CeO2 was never fully reoxidized, as these peaks would be expected to disappear, similar to the Mn2O3 -CeO2 system. The as yet unidentified additional peaks of the fresh and reoxidized samples are likely correlated with structural changes suggested by the X-ray diffraction 

       Figure 11.  Raman spectra of (a) fresh oxides and (b) sulfated oxides.

patterns. However, owing to the complexity of oxide mixtures, more definite conclusions may be made when these spectra are compared with the UV-Raman spectra of the sulfated single-phase oxides.

     In order to help identify the sources of the UV-Raman peaks in the mixtures of oxides, standard spectra of CeO2, Mn2O3, and CuMn2O4 were collected. As expected, the UV-Raman spectra of all three oxides, shown in Figure 11a, resemble the Mn2O3 -CeO2 and CuMn2O4 -CeO2 spectra prior to sulfation. Each UV-Raman spectrum of the single-phase oxides has an unidentified broad hump centered at 1033cm-1. Upon sulfation, new peaks emerge for the CeO2, Mn2O3, and CuMn2O4 (Figure 11b). The distinguishing peak for the sulfation of CeO2 emerges at 1070cm-1, while for the sulfated Mn2O3 and CuMn2O4, new and distinguishing peaks emerge at 1002cm-1 and 1033cm-1. The latter two peaks, corresponding to sulfated Mn2O3 and CuMn2O4 compounds, match very well to the peaks attributed to the sulfation in the CuMn2O4 -CeO2 and Mn2O3 -CeO2 mixed systems (see Figure 10, they differ by only 0 and 9 cm-1, respectively). The new sulfation peak for CeO2, at 1070cm-1, does not match any of the peaks in the mixed oxide systems. Further, as these additional peaks do not dissappear until reoxidation of the sample, see Figure 10a, this would be consistent with Cu‑S or Mn-S vibrations. We feel this is strong evidence for the preferred sulfation of CuMn2O4 and Mn2O3 in the mixed systems.  However, the data are incomplete, as the UV-Raman peaks must be assigned to the specific Cu-S or Mn-S vibrations.

In general, the UV-Raman results are in agreement with the powder diffraction experiments, indicating the preferred sulfation of the adsorbent oxides (Mn2O3 and CuMn2O4). 

Summary

Nano-scale mixtures of adsorbent and ceria particles were observed via electron microscopy for all three systems: CuO-CeO2, Mn2O3 -CeO2, and CuMn2O4 -CeO2. Such an intimate mixture between adsorbent and ceria particles might be responsible for the distribution of sulfated adsorbent and unreacted ceria in the systems of Mn2O3-CeO2 and CuMn2O4-CeO2 even after the very exhaustive sulfating reactions. The 3200 cm-1 peak resulting from sample heating in the Near IR FT Raman experiments was suppressed with sulfation. This is taken as evidence that the sulfation of adsorbent oxide has occurred, but it is not clear whether ceria was sulfated or not. A new reactor was designed and built to ensure good gas-solid contact. It was also adapted and integrated with a UV-Raman spectrometer for in-situ experiments. Thermal aspects of the spectroscopy have been improved by the electromagnetic vibrator and the liquid N2 reservoir integrated underneath the fritted quartz disc.  The UV-Raman results, in agreement with the powder X-ray diffraction experiments, indicate the preferred sulfation of the adsorbent oxides (Mn2O3 and CuMn2O4). Additional scanning tunneling electron microscopy (STEM) studies are needed to determine the morphology of the ceria particles in the CuO‑CeO2/Mn2O3‑CeO2/CuMn2O4-CeO2 systems.
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